ABSTRACT The control method and dynamic performance of a magnetic suspension system, which is the core component of maglev trains, have a significant influence on the performance of the maglev train. Currently, a control strategy based on the current feedback is widely used. However, the stable range of control parameters is relatively small, making it difficult to identify stable regions for the control parameters. In addition, the strong interactions between the control parameters are cause issues in the control. In this paper, a control strategy based on the flux density observer is proposed using an analysis of the working principle and the structure of the suspension system. A nonlinear dynamic model of a maglev system is established by utilizing the state equation of the flux feedback. Based on the current and voltage feedback, a hybrid magnetic flux density observer is presented. According to the mathematical model, an adaptive sliding mode controller is designed to reduce the upper bound of both uncertainty and interference of the sliding mode controller. Finally, a theoretical analysis and the effectiveness of the proposed control strategy are verified using both simulations and experiments.
I. INTRODUCTION
The magnetic suspension system is widely applied in many fields, such as maglev trains [1] - [3] , magnetic bearings [4] , magnetic suspension sliders [5] , and magnetic suspension precision platforms [6] . Maglev trains have attracted wide attention of researchers because of their unique advantages, such as contactless motion, comfortability and being environmentally friendly.
Stable suspension is the key to the contactless operation of the maglev train. The current research focus on the magnetic suspension control system is to reduce the debugging difficulty and to improve its robustness. The study of maglev control has led to a mainstream control scheme with a current loop as the inner loop and airgap loop as the outer loop. The scheme is convenient to debug and realize the maglev train operation. However, all of the state feedback is needed in the mainstream control scheme, which includes the suspension airgap, the velocity of the electromagnet, and the current in the electromagnetic coil. Liu and Chang [7] proposed a double loop control method. The current is used as one of the state feedbacks, and the magnetic suspension system is divided into the current loop and the position loop for control. The effectiveness of the control method is verified with a theoretical analysis and simulations using a linearized model. Luat and Kim [8] proposed the control of the MIMO (Multiple Input Multiple Output) maglev vehicle based on the SISO (Single Input Single Output) control method, which compensated for the rotational motions. However, some nonlinear terms were ignored in the mathematical model. Since the linear controller may cause the maglev train to vibrate under external disturbances [9] , Zhou et al. [10] , [11] studied the active control method and applied a tuned mass damper (TMD) to the maglev girder, thereby achieving improved results. Sun et al. [12] proposed the repetitive learning control law to solve the problem of stable suspension under periodic disturbances. However, the robustness of the control method will be worse under the non-periodic disturbances, and the control algorithm uses current as the state feedback. Wai et al. [13] designed a self-adapted fuzzy-neural network controller for the magnetic suspension system with strong robustness. Xu et al. [14] proposed a robust control law to guarantee a magnitude limitation of the airgap for the magnetic suspension system. The feedback control states of the abovementioned literature usually include the airgap or the current of the electromagnetic coil. However, experiments show that it is difficult to obtain the control parameter values to stabilize the system when these state variables are used for the feedback. In addition, there are large interactions between the control parameters. In particular, when the inner loop (current loop) is debugged, the dynamic performance of the system is readily influenced by changes in the control parameters, which indicates that the anti-disturbance capabilities of the current-feedback method are poor. For the situation that needs strong robustness, the magnetic flux-loop is an excellent choice to be used as the inner loop instead of the current loop. The magnetic flux loop was introduced in 1976 [15] and was successfully applied to the magnetic levitation line at the Birmingham Airport. After 2000, Goodall [16] noted that although the magnetic flux sensors are not very convenient, the suspension control is easy to debug and has good robustness from using the flux feedback. Therefore, the method of using magnetic flux feedback instead of current feedback is the new choice for magnetic suspension systems.
As mentioned previously, most of the suspension control methods and dynamic characteristic analyses are based on linearized models, which are implemented in a very small neighborhood near the equilibrium point. Therefore, when the system deviates from the equilibrium point, the linearized model becomes invalid. Whether the system can continue to use the linearized model when the suspension state deviates far away from the equilibrium point requires further consideration. In addition, various control algorithms derived from the flux feedback method need to be studied further. With the development of nonlinear science and modern control theory, advanced control algorithms, such as the optimal control, fuzzy control, adaptive control and sliding mode variable structure control, have achieved success in many fields. However, these algorithms are not widely used in the field of magnetic suspension systems. Combining the advanced control algorithm with the flux feedback control scheme to design a suspension controller with high stability and robustness is a problem that deserves further study. Finally, although the use of the magnetic flux as a state feedback has obvious advantages, the hall devices or fluxmeters in the current market are either not suitable for the measuring range or cannot be installed properly. Moreover, the measurements are relatively rough, and the calibration of the sensors is not accurate. Maglev trains that already operate would also need to cut each coil to embed the magnetic flux sensors, which is not practical. Thus, obtaining the magnetic flux without damaging the current coil structure is difficult.
In this paper, we aim at solving the problem mentioned above. Initially, we derive a nonlinear dynamic model of the magnetic suspension system based on the magnetic flux density feedback. Then, a hybrid magnetic flux density observer is proposed to measure the required magnetic flux density state. Next, we design an adaptive sliding mode controller based on the magnetic flux density feedback without any linear processing. The stability of the designed closed-loop system is proven using Lyapunov techniques. Simulation and experimental results are included to demonstrate that the presented control strategy is effective.
The paper is arranged as follows. In Section II, the dynamical models for the maglev system are explicitly provided based on the flux feedback. The hybrid magnetic flux density observer development is presented in Section III. The main results, including the controller design and closed-loop stability analysis, are included in Section IV. Simulation results are provided in Section V, and hardware experimental results are included in Section VI. Finally, the study's conclusions are provided in Section VII.
II. DYNAMICS MODEL OF MAGLEV SYSTEM BASED ON FLUX FEEDBACK
Based on the mechanical structure of maglev trains, there are 4∼5 bogies in a given carriage, each having 4 suspending points. The experiment for the four electromagnetic suspension modules is implemented [17] , which demonstrates that the multiple electromagnets suspension control system can be deformalized into a single-electromagnet control system, as shown in Fig. 1 . The single-electromagnet control system includes the suspension electromagnet, suspension controller, maglev rail, power supply and sensor. Through reasonable simplification, the schematic diagram of a single point suspension system is illustrated in Fig. 2 . The F(B, z) is the electromagnetic force, which is produced from the suspension electromagnet, z(t) is the airgap between the suspension electromagnet and the maglev rail, i(t) is the coil current of the suspension electromagnet, u(t) is the excitation voltage at both ends of the suspension electromagnet coil, B(t) is the magnetic flux density at the suspension electromagnet surface, and A is the pole area of the suspension electromagnet. Assuming that the suspension electromagnet and maglev rail are rigid bodies, the suspension system has only the vertical degree of freedom, which is a single degree of freedom system.
The absolute reference frame is used as the standard where downward is the positive direction and upward is the negative direction [18] - [20] . Based on the fundamental knowledge of electromagnetics, the airgap flux of the suspension electromagnet, which neglects the magnetic flux leakage, can be written as follows:
where F m is the magnetic potential, R m is the reluctance, φ m is the total flux, and φ T is the principal flux. The airgap magnetic flux density of the suspension electromagnet is as follows:
The expression of the electromagnetic force of the suspension electromagnet can be obtained as
where w m is the energy density of the magnetic field, and W m is the magnetic field energy within the volume V . The control voltage equation of the suspension electromagnet can be obtained as follows:
where is the airgap flux linkage. Using Newton's second law [28] - [30] , the dynamics equation of the suspension system can be expressed as
The nonlinear model of the magnetic suspension system is therefore
where µ 0 is the vacuum permeability, N is the coil number, R is the electromagnet internal resistance, and g is the gravitational acceleration. For the suspension system,
T is selected as the system state variable, and the relationship between the state variables is expressed as follows:
The nonlinear state space equation of the suspension system can be expressed as
where
III. HYBRID MAGNETIC FLUX DENSITY OBSERVER
The accuracy of the magnetic flux density obtained from the flux density observer method depends primarily on the mathematic model of the observer. The two existing flux observer models are those for voltage and current. Without considering the reluctance of the stator core and the influence of the airgap change on the inductance of the electromagnetic coil, the airgap flux density in the current model can be expressed as
The airgap flux density in the voltage model can be formed as
The frequency-domain formulas of the two models can be expressed as
The current model is more accurate at low frequencies or static times, but the error is very large at high frequencies. The voltage model is more accurate at higher frequency. However, due to using of the pure integration element, the small DC bias will eventually lead to integral saturation, so the voltage model has a large error at low frequencies. Based on these reasons, a hybrid observer model is presented that combines the current model and the voltage model. The voltage model works at the high frequencies, and a high pass filter can be used to remove the observed value of the current model. In the low frequency situation, the current model is preferred, and the observation value of the voltage model is removed through a low pass filter. The model combines the advantages of the current and voltage models and can measure the flux of the full frequency section more accurately.
The airgap flux density in the low frequency situation is as follows:
where K LF = µ 0 NA/2z, and τ LF is the low pass filter time constant.
The airgap flux density at high frequencies HF (s) is written as follows:
where K HF = τ HF , and τ HF is the high pass filter time constant. When τ HF = τ LF = τ , the airgap flux in the full band (s) can be written as
The proposed observer model can accurately observe the flux density. This overcomes the problem that the current model is not accurate at high frequencies and the voltage model is not accurate in low frequencies.
IV. DESIGN OF AN ADAPTIVE SLIDING MODE CONTROL
This section will provide the process of the adaptive nonlinear sliding mode controller design for the magnetic suspension system based on the flux density feedback. The analysis for the stability of the closed-loop system using the Lyapunov method does not assume any linear approximations. To facilitate the latter design, the system error is defined as follows [31] - [34] :
Based on the nonlinear system model (7), a novel sliding mode surface is proposed as:
where λ 1 , λ 2 ∈ R + are positive constants. The adaptive sliding mode control law based on the flux density feedback is presented as
whereŵ is the adjustable estimated value of w, x 3 is the flux density feedback, which can be obtained from the flux density observer (15), sign(·) is the signum function, and S denotes the dynamic sliding surface defined by (18) . The adaptive laws ofŵ are proposed aṡ
where α ∈ R + denotes the adaptive gain. The estimation error is defined as:w
The estimation velocity ofŵ can be adjusted using α. Choosing a suitable adaptive gain α can effectively reduce the chattering phenomenon. The validity of the adaptive algorithm will be proven using Lyapunov theory.
Theorem 1: The nonlinear dynamic sliding surface (18) and proposed controller (20) with an adaptive law (21) guarantee thatŵ has an upper bound. That is, there exists a constant w d ∈ R + , that satisfies: ∀t > 0,ŵ(t) ≤ w d .
Proof: Initially, a Lyapunov function is chosen as:
Taking the time derivative of V w , one can derive the following result: 
According to the Lyapunov stability theory [21] , [22] , w is bounded. Thus, there exists a constant w d ∈ R + such that ∀t > 0,ŵ(t) ≤ w d . QED.
Theorem 2: The proposed adaptive sliding mode control law (20) , along with the adaptive law (21) , can drive the error of the airgap to be zero in a finite amount of time.
Proof: To prove the conclusion of Theorem 2, we define a Lyapunov function candidate V 1 ∈ R + as follows:
Taking the time derivative of V 1 , one can derive the following result:
Substituting proposed control law (20) into (26), the following can be developed:
Define β 1 =ŵ and β 2 = √ α 1 α |s|. Therefore, (27) can be updated as follows:
where β = min √ 2β 1 , √ 2β 2 . Therefore, using [23, Th. 4.2], the system can converge to the sliding mode surface S = 0 in a finite time. In other words, the system with the proposed control law is stable. QED.
V. SIMULATION RESULTS
The parameters of the magnetic suspension system are based on the test maglev train at the national maglev center of Tongji University and are shown in Table 1 . The initial position of the suspension airgap is 0.016 m, and the target position of the airgap is 0.008 m. The MATLAB/SIMULINK platform is utilized to simulate the adaptive sliding mode control (ASMC(B)) based on the flux density observer, which is used for comparison with both the traditional linear PID [24] , [25] and the sliding mode controller (SMC(i)) [26] , which are based on the current feedback. The ASMC(B) controller parameters are sufficiently tuned using a trial-anderror method to obtain the best performance, which yields the following values: λ 1 = 1200, λ 2 = 200, and α = 0.015. 
A. STATIONARY SUSPENSION (STEP RESPONSE)
Under the action of ASMC(B), linear PID and SMC (i), the dynamic response of the airgap is shown in Fig. 3 . As shown in Fig. 3 , the airgap trajectory of the ASMC(B) converges rapidly to the target position (x 1d = 0.008m) within a finite time without overshoot. However, the conventional linear controller allows the trajectory to converge on the target position, but the dynamic performance is poor, and the steady-state error is larger with an obvious overshoot. The performance of SMC (i) based on current is similar to that of ASMC(B) without disturbance, but the dynamic performance is slightly worse than that of the ASMC(B) and requires more time to reach the dynamic sliding surface S = 0.
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The phase locus under the ASMC(B) is shown in Fig. 4 . The state of the system reaches the sliding surface quickly from the starting point, and then moves along the sliding surface to the target position with a smooth phase trajectory. The flux density obtained from the flux density observer is shown in Fig. 5 . It is shown that the observer can effectively measure the flux density of the system. The change in the adaptive gainŵ in the ASMC is shown in Fig. 6 . It can be seen thatŵ can converge to a positive constant in a finite time. The simulation results prove the theoretical analysis thatŵ is bounded. We can learn from the simulation results of the stationary suspension that the ASMC(B) is better than linear PID and SMC(i) in both dynamic and steady-state performances. The phase locus under the ASMC(B) is relatively smooth. Fig. 5 shows that the flux density observer can work effectively. We can learn from Fig. 6 that the adaptive gainŵ can be adjusted adaptively. To summarize, when the train is suspended statically, the ASMC(B) can work efficiently.
B. DYNAMIC RESPONSE WITH DISTURBANCE
It is inevitable that the maglev train will be affected from disturbance forces. According to the disturbance force amplitude of [26] , we add an external disturbance force f d = 1400 sin(10 · t) to the system, as shown in Fig. 7 . The simulation results compare the dynamic responses of the ASMC(B) and SMC (i). The simulation results of the airgap dynamic response are shown in Fig. 8 . Under a continuous disturbance, both the ASMC(B) and SMC (i) show the airgap state reaches the target position and maintains its stability. However, the ASMC(B) reaches the sliding surface S = 0 more quickly and more accurately than the SMC (i). In the ASMC(B), the airgap fluctuation is obviously lower than that of SMC (i), giving it a stronger robustness. This indicates that the closedloop stiffness of the magnetic suspension system based on the flux density control is larger than that of the current controlled maglev system, which is consistent with the theoretical analysis. The simulation result of the linear PID controller under the continuous disturbance shown in Fig. 7 based on the flux feedback is shown in Fig. 9 . We can learn from Fig. 9 that the system is unstable with the linear PID controller under the disturbance, whose maximum acceleration is twice the gravitational acceleration, which is consistent with the experimental results. In the experiment, the linear controller can be destabilized under the disturbance by more than approximately 1.5 times the gravitational acceleration. However, the proposed nonlinear controller in this paper can achieve self-stabilization suspension under the same disturbance force. This demonstrates that the ASMC(B) is more efficient and robust. The phase locus under the continuous disturbance is shown in Fig. 10 . Due to the existing disturbance, the trajectory fluctuates. However, it is stable over a certain range of circles, which is consistent with the Lyapunov sense of stability. It is demonstrated in Fig. 11 that the flux density can be effectively measured using the proposed flux density observer of (15). It is shown in Figs. 8-11 that the proposed ASMC(B) has better anti-disturbance capabilities than the linear PID and SMC(i) approaches. It can be seen from the phase locus that the system is stable in the sense of the Lyapunov stability, and the flux density observer can work effectively. In conclusion, the simulation results demonstrate the effectiveness of the proposed nonlinear control strategy with the flux density observer.
VI. PRELIMINARY EXPERIMENTAL RESULTS
After the numerical simulations, significant effort are made to implement the experiments with the aim of examining the practical performance of the proposed control scheme. The experiments are implemented in the national low-speed maglev test line. The full-scale test maglev train and maglev experimental line are shown in Fig. 12 , and the signal transduction is illustrated in Fig. 13 . In the test maglev vehicle, the maglev train is stably suspended from the interaction between the digital controller and the flux density observer. The sampling frequency is 2500 Hz, and the experimental parameters of the system and the parameters of the ASMC(B) are consistent with the parameters used in the theoretical analysis and simulation. The maglev train completes a dynamic process through running and stationary suspension. The speed of the test maglev train is provided as Fig. 10 , which shows that 0 s -490 s is the running process whose maximum speed is approximately 100 km/h. From 490 s-530 s is the static process (stationary suspension). The train runs again from 530 s-1150 s whose maximum speed is approximately 100 km/h. The airgap response and flux density of the observer are shown in Figs. 11-12 .
It can be observed from Figs. 14-16 that in the stage of stationary suspension, the airgap is in the target position of 8 mm, and the curve is stable and smooth. The flux density is also stable during the stationary suspension stage at approximately 0.6 T. However, when the train is running, VOLUME 6, 2018 the airgap fluctuates from 6.5 mm to 10.5 mm, which is caused by the rail gap (seam between the two rails). When the speed of the train increases, the flux density becomes larger. This is because higher speeds cause faster changes in the rail gap, which results in a more complex disturbance. Moreover, considering the aerodynamic effects, the higher speed can also result in a larger aerodynamic lift and down force [27] , which also requires increased flux density to improve the robustness. However, the disturbances caused from various speeds is different, and the airgap response of the running test maglev train can be consistent under the proposed control strategy. The facts mentioned above prove that the AMSC(B) is an effective method with a stronger robustness.
VII. CONCLUSIONS
In this paper, a nonlinear dynamic model of magnetic suspension based on the flux density feedback is established. A hybrid magnetic flux density observer with a mixed current and voltage is proposed to overcome the difficulty of installing the magnetic flux sensor. Next, this observer is combined with the adaptive sliding mode controller to reduce the requirements on the upper bound of the uncertainty and disturbance and improves the stiffness of the suspension system. The simulation results show that if this control method is adopted, the parameter stability area increases and the control parameters, which satisfy the system dynamic performance, can be easily obtained. Moreover, the influence of the control parameters on the system dynamic performance is not obvious. For external disturbances, the controller has a better robustness than the current feedback sliding mode controller, and the controller is easier to implement in the structure. Finally, the experimental results demonstrate that the presented control strategy significantly improves the robustness and dynamic performance. In our future work, we will attack the maglev vehicle-guideway interaction vibration problem in the turnout junction by utilizing the flux feedback method. QINGQUAN QIAN received the B.S. degree in electrical engineering from Tangshan Jiaotong University, Tangshan, China, in 1960. He is currently a Professor of electrical engineering with Southwest Jiaotong University, Chengdu. He is a member of the Chinese Academy of Engineering. His research focuses on the analysis, operation, and design of traction power control systems. VOLUME 6, 2018 
